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Abstract: The Pampa Húmeda region in Argentina is characterized by soybean, wheat, and maize production, with intensive
application of agrochemicals such as herbicides and insecticides. We used a joint probabilistic approach to analyze the
probabilities for environmental chlorpyrifos concentrations measured in the Pampa Húmeda to exceed acute or chronic ha-
zardous concentration for 5% of the species (HC5) values estimated from species sensitivity distributions for aquatic species.
Chlorpyrifos concentrations in water ranged from 0.0005 to 10.8 µg/L, with a median of 0.013 µg/L. The HC5 limits were
0.0637 µg/L for acute and 0.0007 µg/L for chronic effects. The probabilities for chlorpyrifos environmental concentrations to
exceed the HC5 values ranged from 35% (acute effects) to 96% (chronic effects). Water quality criteria (WQC) for the protection
of aquatic life were also frequently exceeded (by 48–87%) for both acute and chronic effects. Together with published threshold
limit values from mesocosm studies, these data suggest that macroinvertebrate communities can be severely affected by the
reported environmental concentrations of chlorpyrifos. Indeed, changes in the macroinvertebrate assemblage in the Pampa
Húmeda have been correlated with chlorpyrifos levels in sediments. Nevertheless, the actual impact needs to be ascertained by
assessing the recovery rate of macroinvertebrate populations in this region. Considering the HC5 for chronic effects and the
threshold limits for macroinvertebrate community level effects, we propose 0.7 ng/L as a new WQC to effectively protect
aquatic life from long‐term exposure to chlorpyrifos. Environ Toxicol Chem 2019;38:1748–1755. © 2019 SETAC.
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INTRODUCTION
Over the last decades, agricultural activities in the Pampa
Húmeda region in Argentina have undergone a remarkable
expansion based on incorporation of transgenic crop technol-
ogies. The region supplies more than 80% of the national
production of wheat, maize, and soy, which are mainly in-
tended as export commodities (Rótolo et al. 2014). The in-
tensification in crop productivity has been paralleled by
increased use of agrochemicals, particularly herbicides and
insecticides, which increased the environmental impact. Be-
tween 2012 and 2016 the agrochemical market in Argentina
registered a large increase in both herbicide volume and costs
(from 64 to 87%), as well as insecticide use (20 million kg;
~400 million USD). Chlorpyrifos (O,O‐diethylO‐(3,5,5‐trichloro‐
2‐pyridyl) phosphorothioate) was the leading insecticide in
2012, with an investment of 61 million USD (~4.7 million kg of
commercial product; Cámara de Sanidad Agropecuaria y
Fertilizantes 2012, 2016).
In the United States, before changes were made in the use
pattern of chlorpyrifos, high concentrations were frequently
detected in water samples (Giesy et al. 1999; US Geological
Survey 2000). After the changes, detection frequencies and 95th
percentile concentrations decreased more than 5‐fold between
1992 and 2010 (Williams et al. 2014). The main sources of sur-
face water contamination with chlorpyrifos are runoff, erosion,
and tail waters (Giddings et al. 2014), followed by aerial drift and
atmospheric deposition. Chlorpyrifos is one of the most com-
monly detected pesticides in surface and groundwater in
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agricultural regions in the Pampa Húmeda, where aerial appli-
cation of this insecticide and other pesticides provides a
pathway for contamination of nearby water courses (Mugni et al.
2011). However, despite a marked increase in its use, the po-
tential impact of chlorpyrifos on Pampa Húmeda’s biota has not
been thoroughly assessed. Thus, we focused on published
ecotoxicological and environmental data to perform a joint
probability analysis of the impact of chlorpyrifos on aquatic
species, and to determine whether levels exceed different water
quality criteria (WQC) for aquatic life protection. In accordance
with the higher tier aquatic risk assessment for pesticides gui-
dance document (Campbell et al. 1999), species sensitivity dis-
tributions (SSDs) representative of the most sensitive taxonomic
groups were used to estimate the hazardous concentration for
5% of the species (HC5) and 10% of the species (HC10) values as
risk assessment endpoints. Using the higher tier approach, po-
pulation‐, micro/mesocosm‐, or community‐level effects were
also analyzed to determine the ecological impact of chlorpyrifos
(Direction Générale de la Santé et des Consommateurs,
European Commission 2002). We propose that a new WQC
threshold limit for chlorpyrifos of 0.7 ng/L should be set to
protect aquatic life from long‐term exposure.
MATERIALS AND METHODS
Study area and environmental data search
We selected environmental concentration data of chlorpyr-
ifos in water from different streams and basins in the Pampa
Húmeda region (Figure 1): the Tres Arroyos–Claromecó basin
(Álvarez 2015); the El Sauce stream (Demetrio 2012); the El
Crespo stream (Pérez et al. 2017); the Brown–Horqueta streams
(Jergentz et al. 2005); the Pergamino–Paraná River basin
(Marino and Ronco 2005); the Paraguay–Paraná Rivers basin
(Ronco 2015); and the Suquía River (Bonansea et al. 2013). This
data set included 24 sampling sites, with 2 to 9 campaigns/site,
and a total of 193 different samples. Only environmental con-
centrations higher than the respective limits of detection
(LODs) were considered for further analysis, given that values
below the LOD do not necessarily imply zero product con-
centration. Detection frequencies ranged between 40 and
100% and are reported in the references just cited.
Joint probability analysis of SSDs and
exceedence of environmental concentrations
of chlorpyrifos in water
Exceedance probability assessment. Chlorpyrifos con-
centration data in the Pampa Húmeda were ranked in de-
creasing order. The rank was transformed to percentile values
[i/(n + 1)], where i is the ranking number and n is the total
number of data. Probit models were fitted to the percentile
versus concentration data to estimate the exceedance prob-
ability distribution. One‐ and 2‐rank (biphasic) distributions
were fitted and statistically compared (Anguiano et al. 2014).
Toxicological data search and SSDs. We searched the lit-
erature for toxicological data (median effect concentration
[EC50], lowest‐observed‐effect concentration [LOEC], and no‐
observed‐effect concentration [NOEC]) describing short‐term
or long‐term exposures of aquatic species to chlorpyrifos
(Supplemental Data, Tables A and B). Quality criteria for data
acceptance included accessible published work in a peer‐re-
viewed international journal; thorough description of exposure
conditions and methodology; inclusion of replicates; statistical
analyses and setting of confidence limits to determine end-
points (model fitting or analysis of variance plus post hoc tests);
ecotoxicologically relevant effects chosen for EC, LOEC, or
NOEC; adequate range and series of exposure concentrations
to determine effects; and endpoints covered by the experi-
mental concentration ranges.
Species were ranked by decreasing sensitivity for acute ef-
fects (median lethal concentration [LC50]), and the rank was
transformed to percentile values (Solomon et al. 1996; Ecolo-
gical Committee on FIFRA Risk Assessment Methods 1999).
Probit models were fitted to percentile rank versus log‐
transformed LC50 values to obtain the regression equations,
considering 1‐ or 2‐rank (biphasic) distributions (Anguiano et al.
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FIGURE 1: Sampling sites for determination of environmental con-
centrations of chlorpyrifos in Argentina. The largest area (1) is the
Pampa Húmeda region, where transgenic soybeans are grown in-
tensively; the area labeled (2) identifies 2‐yr consecutive sampling at 5
sites in the Tres Arroyos–Claromecó basin, and other small areas cor-
respond to the other sites referenced in the main text; (3) is the sam-
pled zone in the Alto Valle de Río Negro y Neuquén (North Patagonia).
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2014). We carried out the same procedure using EC, LOEC,
and NOEC values from long‐term exposures to assess SSDs for
chronic risks of chlorpyrifos in aquatic species (chronic re-
productive, developmental, or toxic effects). Hazard con-
centrations (HC5 and HC10) were estimated from chlorpyrifos
concentrations corresponding to the 5th and 10th percentiles,
respectively.
Joint probability analysis. The probabilities for environ-
mental chlorpyrifos levels to exceed the HC5 or HC10 values
for acute and chronic effects in aquatic species were visualized
in a combined graph and calculated from the respective model
equations. We also estimated the percentages of species po-
tentially affected by maximum and median chlorpyrifos en-
vironmental concentrations in the Pampa Húmeda.
Compliance with regulatory standards
We analyzed the probabilities that environmental concentra-
tions of chlorpyrifos in Pampa Húmeda would exceed different
WQC levels. Such levels included the most restrictive to date,
namely, the WQC from Canada’s regulatory legislation (Canadian
Council of Ministers for the Environment 2008), as well as WQCs
from Argentina (Subsecretaría de Recursos Hídricos de la Nación
2005), and other regions worldwide (US Environmental Protection
Agency 1986; California Department of Fish and Game 2002;
Palumbo et al. 2012; European Commission 2013; International
Union of Pure and Applied Chemistry 2019).
Higher tier estimation of chlorpyrifos impact in
the Pampa Húmeda region
We used published microcosm or mesocosm studies invol-
ving aquatic macroinvertebrates exposed to chlorpyrifos, either
alone or with other insecticides, to compare the suggested
community exposure limits with the environmental concentra-
tions measured in the Pampa Húmeda region. Finally, we ana-
lyzed published data from field studies describing population‐ or
community‐level effects attributed to chlorpyrifos and other in-
secticides found in water and sediment samples in this region.
RESULTS
Distribution analysis of environmental
chlorpyrifos concentrations in the Pampa
Húmeda region
We found similar distribution profiles for environmental levels
of chlorpyrifos measured in different sites within the Pampa
© 2019 SETAC wileyonlinelibrary.com/ETC
TABLE 1: Descriptive statistics of environmental concentrations of










aData are expressed in µg/L. Only values above the limit of detection are
included.
FIGURE 2: Exceedance probability analysis for environmental con-
centrations of chlorpyrifos in the Pampa Húmeda region. Environ-
mental data and corresponding best‐fitting bi‐log‐normal model are
shown.
FIGURE 3: Species sensitivity distribution analysis for chlorpyrifos ef-
fects on aquatic organisms. (A) Median effect concentration (EC50)
data and bi‐log‐normal probit model fitting for acute risk. (B) No‐
observed‐effect concentration/lowest‐observed‐effect concentration
(NOEC/LOEC) data and probit model fitting for chronic effects.
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Húmeda region (Supplementary Data, Tables C–E). Thus, a
common distribution analysis was performed using all the en-
vironmental concentrations in the soy‐producing areas (102 total
data from 22 different sites). Chlorpyrifos concentrations ranged
from 0.0005 to 10.8 µg/L, with a lower quartile value of 0.003 µg/
L and an upper quartile of 0.10 µg/L (Table 1). The median value
was 0.0130 µg/L (i.e., 1 order of magnitude lower than the
average concentration [0.59 µg/L]) and in agreement with a high
asymmetry (skewness = 4.4) and a bias toward the lower con-
centration range (kurtosis = 20.8). The whole set of chlorpyrifos
environmental data from Pampa Húmeda showed a biphasic
distribution as the best probabilistic model match (Figure 2). The
2 differentiated ranges were not explained by site or date seg-
regation (Supplemental Data, Table D, associated figure).
SSD analyses for acute and chronic effects
Our acute risk analysis discriminated by taxonomic groups
indicated that shrimp, cladoceran, and amphipod species were
most sensitive to chlorpyrifos, whereas other arthropods, but
also mollusks and vertebrates, were affected at higher con-
centrations (Figure 3A). The SSD showed a biphasic distribution
as the best probabilistic model, from which an acute HC5 of
0.064 µg/L was derived (Table 2).
The chronic effects distribution showed that the most sen-
sitive species belonged to arthropod taxa (shrimps, clado-
cerans, amphipods, insects) and fish (Figure 3B). Anurans and
mollusks showed lower sensitivity to chlorpyrifos for chronic
effects, compared with the other groups. Probit model fitting
to data resulted in a single log‐normal distribution from which
the HC5 was estimated as 0.0010 µg/L (Table 2). Probit fitting
including only arthropod taxa (regression equation y = 0.7073x
+ 0.5951) did not substantially differ from the fitting to all
species, with an estimated HC5 of 0.00068 µg/L (Supplemental
Data, Table B, associated figure).
Joint probability analysis
Local species were evenly distributed along both acute and
chronic SSDs (Figure 4). The most sensitive local species showed
high frequencies of environmental concentrations of chlorpyrifos
exceeding their LC50 or NOEC values at the Pampa Húmeda.
The most sensitive local species corresponded to the cladocerans
Ceriodaphnia dubia and Daphnia pulex, the shrimp Palaemo-
netes argentinus, and the fish Poecilia reticulata.
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TABLE 2: Critical endpoints for aquatic life protection and species
at risk for chlorpyrifos environmental concentrations in the Pampa
Húmeda region
Endpoint Acute risk Chronic risk
5th Percentile SSD (HC5) 0.0637 µg/L 0.0007 µg/La
0.0010 µg/L
10th Percentile SSD (HC10) 0.1254 µg/L 0.0042 µg/L
% Species at risk at
maximum ECb
55.4 76.4
% Species at risk at
median ECb
0.6 16.0
aHazardous concentration for 5% of the species (HC5) estimated from SSD for
aquatic arthropods only.
bEC is the environmental concentration found in water.
SSD = species sensitivity distribution for toxic effects.
FIGURE 4: Joint probability analysis for chlorpyrifos. The exceedance
probability model fitting (bi‐log‐normal) on the complete environ-
mental dataset available for the Pampa Húmeda region and the acute
and chronic species sensitivity distribution (SSD) curves are re-
presented, with autochthonous and introduced species denoted by
open symbols. As an example, the chronic hazardous concentration
for 5% of the species (HC5) value is shown (A), corresponding to a
concentration value of approximately 0.001 µg/L (log c = –3); this
concentration is exceeded by nearly 96% of the environmental sam-
ples in Pampa Húmeda (B).
TABLE 3: Exceedance probabilities for environmental concentrations
of chlorpyrifos in the Pampa Húmeda region in relation to different limit
criteria
Criteria %
Species riska Acute HC5 SSD 35.3
Acute HC10 SSD 28.3
Chronic HC5 SSD 95.6
Chronic HC10 SSD 67.6
WQC for aquatic life
protectionb
Argentina (0.006 µg/L) 62.2
Canada short term (0.020 µg/L) 48.4



















UK acute (0.01 µg/L) 56.5
UK chronic (0.002 µg/L) 86.5
University of California Davis
(0.01 µg/L)
56.5
aValues are indicated in Table 2.
bData from US Environmental Protection Agency 1986; California Department of
Fish and Game 2002; Subsecretaría de Recursos Hídricos de la Nación 2005; Ca-
nadian Council of Ministers for the Environment 2008; Palumbo et al. 2012; Eur-
opean Commission 2013; International Union of Pure and Applied Chemistry 2019.
HC5, −10 = hazardous concentration for 5% (10%) of the species; SSD = species
sensitivity distribution; WQC = water quality criteria; USEPA = US Environmental
Protection Agency.
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The median environmental chlorpyrifos concentrations
found in the Pampa Húmeda led to a 0.6% probability of
acutely affected species (Table 2). In turn, the maximum
chlorpyrifos concentrations matched with 55% of acutely af-
fected species. On the other hand, 35% of the water samples
from this region had chlorpyrifos concentrations that exceeded
the acute HC5 (Figure 4 and Table 3).
Regarding chronic risk, the median environmental concentra-
tions of chlorpyrifos in the Pampa Húmeda matched with 16% of
aquatic species affected, whereas a 76% match was found for
maximal concentrations of the insecticide (Table 2). Ninety‐six
percent of the water samples from this region had chlorpyrifos
concentrations exceeding the chronic HC5 (Figure 4 and Table 3).
Compliance with WQC for aquatic life protection
In 48% of instances, environmental chlorpyrifos concentra-
tions in the Pampa Húmeda exceeded the most conservative
WQC reference value for short‐term exposures (Canadian
Council of Ministers of the Environment 2008; Table 3). The
exceedance probability for environmental chlorpyrifos con-
centrations with respect to the Canadian long‐term exposure
aquatic life protection criterion was 87%. The Argentinean WQC
limit was exceeded in 62% of cases. For other WQCs, chlor-
pyrifos concentrations showed lower exceeding percentages.
Higher tier approach to chlorpyrifos potential
impact in the Pampa Húmeda
Next, chlorpyrifos exposure data was contrasted with commu-
nity exposure limits for aquatic macroinvertebrates described in
prior microcosm or mesocosm studies. We found that 30.6% of the
water samples from the Pampa Húmeda exceeded the proposed
limit of 0.1 µg/L required to protect aquatic ecosystems and mac-
roinvertebrate communities (European Commission 2005; Table 4).
Meanwhile, other proposed threshold concentrations showed
higher probabilities (57–96%) to be exceeded in the region.
DISCUSSION
The present study sought to evaluate the toxicological im-
pact of chlorpyrifos, a neurotoxic organophosphate insecticide
widely used for agricultural production, on aquatic organisms in
the Pampa Húmeda region of Argentina. A probabilistic risk
analysis of environmental concentrations of chlorpyrifos mea-
sured in 24 sampling sites from 7 water streams and river basins
suggests that a significant number of aquatic species may be
endangered by chlorpyrifos overuse. The chronic effects of
chlorpyrifos are of concern, considering its high detection fre-
quency in water samples (Jergentz et al. 2005; Marino and
Ronco 2005; Bonansea et al. 2013; Álvarez 2015) at con-
centration levels exceeding the chronic HC5 value (96% of the
cases), and the likelihood of repeated seasonal exposures of
the aquatic biota (Jergentz et al. 2005; Marino and
Ronco 2005).
The bi‐log‐normal distribution observed for environmental
chlorpyrifos concentrations in the Pampa Húmeda may be the
result of different sampling approaches used by the authors re-
ferenced in our study. It has been suggested that regular sam-
pling along time may lead to a significant number of concentra-
tion data falling in the low range or below detection limits,
whereas event‐triggering sampling designs are more adequate to
successfully detect short‐term exposure peaks (Stehle et al. 2013).
The highest environmental concentrations registered in the Ar-
recifes–Paraná basins in the northeast zone of the Pampa Hú-
meda region were associated with crop proximity and pesticide
spraying sometimes followed by rain events (Marino and Ronco
2005). Similarly, the highest chlorpyrifos levels in the Tres Ar-
royos–Claromecó basin in the southeastern Pampa Húmeda
corresponded with product applications to winter cultivars of
wheat and barley and summer soybean cultivars close to the
sampled streams (Álvarez 2015). The presence of peak con-
centrations of pesticide in water during the application season
may have a higher impact on the aquatic biota than that pre-
dicted from regular sampling monitoring programs. This has been
suggested for organophosphate pesticides, after their detected
water levels were compared with observed biota biomarker
responses that denote exposure to peak concentration levels
(Rosenbaum et al. 2012).
Most of the samples in the Pampa Húmeda region were not
in compliance with WQC; the chlorpyrifos concentrations fell
within the range reported for other regions in Argentina. These
include fruit‐producing areas in irrigated valleys in the
Patagonia region (Macchi et al. 2018), and sugarcane‐ and
© 2019 SETAC wileyonlinelibrary.com/ETC
TABLE 4: Comparison of environmental concentrations of chlorpyrifos in the Pampa Húmeda region with threshold effect concentrations for
macroinvertebrate communities
Endpoint or limit Suggested or estimated concentration (µg/L) Exceedance frequency (%)
NOEC ecosystema 0.1 30.6
Reviewed “micro/‐mesocosm” NOECb 0.1 30.6
0.05 × EC50 most sensitive species (Daphnia magna)c 0.05 38.0
1/10 EC50 Hyallela aztecad 0.01 56.5
Threshold effects 1/1000 toxic units for Daphnia magnae 0.001 95.6
aEuropean Commission 2005; Brock et al. 2006.
bGiddings et al. 2014.
cVan den Brink et al. 2002.
dHasenbein et al. 2016.
eSchäfer et al. 2012.
NOEC = no‐observed‐effect concentration; EC50 = median effect concentration.
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maize‐producing areas in northern Tucumán province (De
Gerónimo et al. 2014). We thus infer that lack of compliance
with regulatory limits occurs throughout Argentina. Although
information is still scarce, this concern appears to apply to
other South American countries as well. Studies from Brazil and
Chile report chlorpyrifos concentrations ranging from 0.01 to
0.04 µg/L (Barra et al. 1995; Albuquerque et al. 2016), that is,
close to Pampa Húmeda median values. More reports on
chlorpyrifos water levels in South American countries are clearly
needed to properly assess its environmental risk on a con-
tinental scale.
Benthic macroinvertebrates have been recognized as the or-
ganisms most sensitive to many organic compounds, and con-
sequently, have been mainly selected to build SSD curves and
estimate HC5 values (Van den Brink et al. 2002). It has been
suggested that although the composition of freshwater commu-
nities varies across biogeographical regions, climatic zones, and
habitat types, the SSD does not vary markedly (Maltby et al.
2005). According to the chronic SSD developed in the present
study, similar results are obtained if only macroinvertebrates or all
aquatic species are selected. This is due to a superimposition of
taxonomic groups such as aquatic insects, crustaceans, and fish in
the high‐sensitivity range (Figure 3B), which also explains a single
log‐normal distribution for the whole range.
In view of their sensitivity, macroinvertebrates have also been
used to evaluate pesticide effects at the community level. Using
diverse approaches encompassing macroinvertebrate assem-
blages, several limit values and criteria have been advanced to
predict possible alterations (Van den Brink et al. 2002; European
Commission 2005; Van Wijngaarden et al. 2005; Schäfer et al.
2012; Giddings et al. 2014). In our analysis, only the most con-
servative threshold limit of 1/1000 toxic units for Daphnia magna
(Schäfer et al. 2012) seems appropriate to be applied to chlor-
pyrifos data: the inferred limit value is on the order of 0.001 µg/L,
which is close to the chronic HC5 calculated from the macro-
invertebrate SSD. Accordingly, it was suggested that the NOEC
for community‐level effects is below the HC5 for crustaceans as
the most sensitive taxa (Giddings et al. 2014). Taking together the
chronic HC5 and the estimated threshold value for community‐
level effects in crustaceans, it seems reasonable to propose 0.7 ng
chlorpyrifos/L as a limit criterion to protect aquatic species from
long‐term exposures.
Because the 0.001‐µg/L threshold limit value for macro-
invertebrate community effects is exceeded by a high percentage
of environmental samples in the Pampa Húmeda, it is relevant to
analyze the actual impact on benthic macroinvertebrates in the
field. Several articles report mortality rates between 30 and 100%
for the amphipod Hyalella curvispina in streams contaminated with
chlorpyrifos (Jergentz et al. 2004; Mugni et al. 2011). Benthic
communities exposed to seasonal contamination show an increase
in the abundance of tolerant taxa, Chironomidae and Oligochaeta,
and a decrease in the more sensitive taxa, Ephemeroptera and
Odonata (Crettaz et al. 2014). Changes in the structure of the
aquatic invertebrate community are correlated with insecticide
concentrations in streams at Pampa Húmeda, where amphipods
from the genus Hyalella are among the most sensitive taxa (Hunt
et al. 2017). Macchi et al. (2018) report a negative impact of
chlorpyrifos on macroinvertebrate assemblage that correlates with
peak concentrations of the insecticide during the application
period in the Alto Valle de Río Negro in Argentina. They report a
decrease in macroinvertebrate abundance and taxon richness as-
sociated with a decrease in the sensitive taxon Betidae and an
increase in some tolerant taxa such as Chironomidae and Gas-
tropoda. On the other hand, the development of tolerant popu-
lations of H. curvispina has been reported in the same region as an
adaptive response to organophosphorus pesticides and other
contaminants (Anguiano et al. 2014; Del Brio et al. 2018).
Although field studies on macroinvertebrate communities
consistently attest to the negative impact of chlorpyrifos and
other pesticides in the Pampa Húmeda region, the recovery
potential of affected biota also needs to be assessed. As evi-
dence shows, macroinvertebrate communities can recover after
repeated exposures to pesticides due to upstream unimpaired
sources supplying migrating invertebrates to recolonize af-
fected areas (Albariño et al. 2007). This kind of assessment, as
well as ensuring compliance to agrochemical use regulations,
should help prevent or mitigate potentially serious ecological
imbalances resulting from species displacement, substitutions,
and adaptations caused by overuse of chlorpyrifos and other
pesticides in the Pampa Húmeda region.
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the Wiley Online Library at DOI: 10.1002/etc.4441.
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